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r) A trench capacitor structure suitable for in- 
clusion in integrated circuit devices and 
method for forming the sar 



by means of a textured surface of one of the 
capacitor electrodes. The capacitor (100) is for- 
med in a trench (112) made in of a silicon 
substrate (110). The inner surface is lined with a 
textured, doped poiysiicon layer (114). the 
capacitor is completed by forming first a dielec- 
tric layer (116) onto the textured layer, then a 
poiysiicon fill (118), capacitor at the contacts 
are made to the textured pdysilfcon layer (114) 
and at the poiysiicon fifl (118), preferably 
through the substrate. The textured surface is 
achieved by differentially etching grain bound- 
aries of a doped poiysiicon layer or by direct 
deposition of hemispherical grain poiysiicon to 
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This invention relates to capacitors and, more 
particularly, to capacitors suitable for inclusion in in- 
tegrated circuits such as dynamic memories. 

The great increase hi computing power of com- 
puters of all types in recent years has necessitated an 
increase in the amount of memory which can be rap- 
idly accessed by a central processing unit This, in 
turn, has led to a continuing interest in providing 
greater amounts of storage on a single chip and the 
reduction of the size of memory cells. 

Memory technology may be considered as divid- 
ed into two types, each of which has some advantag- 
es relative to the other for certain requirements of any 
computing system. Static memories generally rely on 
a bistable active circuit for the storage of individual 
bits of data. Static memory cells generally have a sub- 
stantial number of active devices, such as transistors 
and are relatively large, limiting the number of mem- 
ory cells which may be formed on a single chip. Nev- 
ertheless, the storage provided is stable and no re- 
fresh of data is required. Therefore, the memory can 
be accessed at any time, enhancing the extremely 
fast read or write time of this type of memory. 

In contrast, dynamic memories require far fewer 
electronic components in each memory cell and far 
greater numbers of cells may be placed on a single 
chip. However, unlike the stable data storage provid- 
ed by static memories, in dynamic memories, data is 
typically stored as charge on a capacitor within the 
storage cell. The capacitors are subject to leakage 
and, therefore, the charge must be periodically re- 
freshed or rewritten to avoid corruption of data. 

Perhaps the largest component of a dynamic 
memory eel is the capacitor in which charge is stored. 
Since the primary value of dynamic memories is the 
possibility of reducing memory eel size to increase 
the number of memory cells which can be formed on 
a single chip, there has been much interest in reduc- 
ing the "footprint" or area of the substrate or chip re- 
quired for formation of each capacitor. Much of the ef- 
fort, in this regard, has focussed on the improvement 
of sense amplifier structures to reduce the amount of 
charge which must be stored, at a relatively low vol- 
tage, in each capacitor. At the present state of the art, 
data can often be reiiabry stored by storing perhaps 
only a few dozen electrons in each capacitor. Storage 
of such small amounts of charge makes charge leak- 
age of each capacitor particularly critical since each 
electron tost to capacitor leakage represents a corre- 
spondingly larger portion of the voltage which must 
be detected by sense amplifiers in the memory. 

Such improvements in sense amplifier structures 
has been accompanied by numerous capacitor de- 
signs to reduce the "footprint" of the capacitor on the 
chip. So-called trench capacitors which are formed 
vertically within the semiconductor substrate have 
been a particularly significant development in this re- 
gard. However, the depth within the substrate to 



which trench capacitors may be reliably extended is 
limited and further reductions in capacitor "footprint" 
area are, at the present state of the art, usually ac- 
companied by reduction of the charge storage capact- 
5 ty of each capacitor. 

As process complexity has increased in an effort 
to increase trench depth in order to increase the ratio 
of charge storage capacity to chip area required for a 
capacitor, manufacturing yields have been adversely 

to affected, further increasing production costs. At the 
same time, such complexity and miniaturization has 
tended to increase the resistance of contacts to the 
capacitor structure, reducing access speed, opera- 
tional reliability and noise margins. These same in- 

15 creases in process complexity have also led to prob- 
lems of increased susceptibility to charge leakage 
which, as pointed out above, is particularly critical at 
extreme integration densities and the small amounts 
of charge which may be stored at tow voltages. 

20 Further, as an incident of memory design, the 
minimum charge storage capacity of each memory 
capacitor must be kept at least comparable to the 
parasitic capacitance of wiring connections on the 
chip which are required to provide access to each cell. 

25 Thus, as dynamic memory designs have sought to ex- 
ceed 256 megabytes, requiring relatively long bit and 
word lines, it has been difficult to reconcile the com- 
peting design requirements of reduction of capacitor 
"footprint" area with the need to maintain a charge 

30 storage capacity which will allow reasonable refresh 
rates and adequate operating margins relative to 
parasitic capacitance of chip wiring necessary to ac- 
cess such large numbers of memory cells. 

It is therefore an object of the present invention 

35 to provide a capacitor structure having an enhanced 
charge storage capacity for predetermined overall di- 
mensions of the capacitor. 

It is another object of the invention to provide a 
capacitor structure which allows low resistance con- 

40 nections to be made thereto at high integration den- 
sities. 

It is a further object of the invention to provide a 
capacitor structure which can be produced with re- 
duced process complexity to provide improved man- 
45 ufacturing yields. 

It is yet another object of the invention to provide 
a capacitor structure with reduced charge leakage. 

In order to achieve the above and other objects 
of the invention, a capacitor structure is provided in- 
50 eluding an electrode having a textured surface 
formed within an inner surface of a trench. 

In accordance with another aspect of the inven- 
tion, a capacitor is provided which is formed by a 
method including a step of forming an electrode of the 
55 capacitor within a trench such that the electrode has 
a textured surface. 

In accordance with a further aspect of the inven- 
tion, a method of forming a capacitor is provided in- 
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eluding a step of forming an electrode of the capacitor 
within a trench such that the electrode has a textured 
surface. 

In accordance with yet another aspect of the in- 
vention, a trench capacitor is provided having an elec- 5 
trade formed of directly deposited hemispherical 
grain polysilicon. 

The foregoing and other objects, aspects and ad- 
vantages will be better understood from the following 
detailed description of a preferred embodiment of the 10 
invention with reference to the drawings, in which: 
Figures 1, 2 and 3 illustrate stages of construc- 
tion of the basic form of the capacitor according 
to the invention, 

Figures 4, 5, 6 and 7 illustrate stages of construe- is 
tion of a preferred form of the capacitor according 
to the invention, and 

Figures 8, 9, 10 and 11 illustrate stages of con- 
struction of an alternative form of the capacitor 
of Figure 7. 20 
Referring now to the drawings, and more partic- 
ularly to Figure 3, there is shown a basic form of a ca- 
pacitor 100 according to the invention. The capacitor 
is formed in a trench 112 preferably formed in a sub- 
strate 110. The inner surface of the trench 112 is lined 25 
with a textured, doped polysilicon layer 114. The ca- 
pacitor dielectric 116 is sandwiched between the tex- 
tured polysilicon layer 114 and doped polysilicon f Dl 
118. Contacts are made to the capacitor at the tex- 
tured polysilicon layer 114, preferably through the 30 
substrate, and at poJysiicon fill 118. 

While the structure of the capacitor according to 
the invention is generally similar to that of other 
trench capacitors known in the art, the invention is 
distinguished therefrom by the use of textured poly- 35 
sSicon to increase the area of the capacitor, thus in- 
creasing the capacitance thereof. It is to be under- 
stood that developing a textured surface of the poly- 
siicon can be done in numerous ways such as etching 
and deposition of polysilicon in a manner which re- 40 
suits in particular grain structures such as hemisphe- 
rical grain (HSG), aswPI be described in greater detail 
below. The term "textured" polysilicon, as used herein 
is to be understood as generic to sBicon layers which 
undulate in a manner such that the surface area is 45 
significantly increased, including layers which are 
"roughened" by grain boundary etching and direct de- 
position of polysilicon having a hemispherical grain 
structure. 

As is well-understood in the art, the capacitance so 
of a capacitor is directly proportional to the product of 
the dielectric constant of the capacitor dielectric and 
the area of the capacitor and inversely proportional 
to the electrode separation or thickness of the capac- 
itor dielectric. Thus, by increasing the area of the ca- 55 
pacitor by providing a textured surface on a polysili- 
con layer forming one of the capacitor electrodes, the 
capacitance of the capacitor is increased. In accor- 



dance with the invention, this increase in capacitance 
may be exploited in several ways such as reducing 
trench depth, which, in turn, simplifies the manufac- 
turing process and increases manufacturing yields, 
increasing dielectric thickness to reduce leakage 
(e.g. by phenomena such as Storage Trench Anoma- 
lous Breakdown, a gate-induced leakage at a parasit- 
ic transistor formed at the trench sidewall when insu- 
lating oxides are very thin), increasing breakdown 
voltage to improve performance of the capacitor and 
also tending to increase manufacturing yields or a 
combination of these effects with or without an in- 
crease in the amount of charge stored at a given vol- 
tage to reduce refresh frequencies. Since the area of 
the capacitor may be increased by a factor of 2 to 2.5 
by virtue of the use of textured polysilicon, a substan- 
tial improvement in capacitor performance may be si- 
multaneously obtained in all of these areas of interest 
to memory performance. 

With reference now to Figures 1 - 3, the construc- 
tion of the basic invention will now be described. Fig- 
ure 1 shows a cross-section of a portion of a p+ or n+ 
doped semiconductor substrate 110 with a trench 112 
formed therein, preferably by etching. The doping of 
the semiconductor substrate is preferably determined 
by the nature of the connection to be made to the ca- 
pacitor. For instance, a relatively heavy doping is re- 
quired to produce relatively high conductivity of the 
substrate if a connection to the capacitor is to be 
made through the substrate. If desired, a sacrificial 
oxide layer (not shown) may be grown in the trench 
and then etched away to improve the final quality of 
the etched surface inside the trench. 

Referring now to Figure 2, a thin layer 114 of p+ 
or n+ doped polysilicon is then deposited over the en- 
tirety of the interior of the trench. This deposition can 
be a conventional polysilicon layer deposited at tem- 
peratures of approximately 700°C or HSG polys 3 icon 
can be directly deposited at a temperature of about 
500°C. If conventional polysilicon is deposited to form 
layer 114, the deposition of the layer is followed by 
wet oxidation, for example, water vapor at 900°C, and 
oxide etching, for example, with hydrogen fluoride, to 
completely remove this oxide. Since oxidation occurs 
more rapidly at grain boundaries, etching away of the 
differentially oxidized material causes a roughened 
surface to be developed on the polysilicon layer. 

After forming a potysiicon layer 114 with a tex- 
tured surface, a capacitor dielectric layer 116 is de- 
posited over the polysilicon and the remainder of the 
trench is filled with doped polysilicon fil 118 by any 
suitable deposition technique, as shown in Figure 3. 
While any known capacitor dielectric may be provid- 
ed, a so-called ONO (oxide-nitride-oxide) layered di- 
electric structure is preferred. This dielectric is prefer- 
ably formed by thermally growing an oxide, for exam- 
ple at 800°C in an oxygen atmosphere followed by a 
nitride deposition. The further oxide layer is then 
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grown by oxidizing the nitride layer, again, preferably 
at 800°C in an oxygen atmosphere. The device or 
substrate is then planarized and appropriate connec- 
tions (not shown) may be applied in any desired man- 
ner. 5 

As indicated above, electrical connection to the 
textured polysiicon layer 114 is preferably made 
through the substrate, in which case, a patterned in- 
sulator layer would be required after planarization to 
insulate connection to the polysilicon fill from the sub- 10 
strate. It should also be noted that if connection to tex- 
tured polysPicon layer 114 is made through the sub- 
strate, the contact area is very large and contact re- 
sistance is minimized, improving the speed at which 
the capacitor 100 may be charged and discharged. is 

Referring now to Figures 4 - 7, a preferred em- 
bodiment of the invention will now be described. The 
completed capacitor 200 of Figure 7 differs from ca- 
pacitor 100 of Figure 3 by the inclusion of an isolation 
oxide layer 21 3 which is necessary at high integration 20 
densities. Essentially, this isolation oxide surround- 
ing each capacitor, together with the substrate con- 
nection of a plurality of capacitors formed on the sub- 
strate form a series connection of capacitances and 
reduces parasitic capacitive coupling between the 25 
trench capacitors. In the interest of clarity of descrip- 
tion of this embodiment and the alternative capacitor 
embodiment 300 of Figure 11 , the last two digits of ref- 
erence numerals applied to corresponding structures 
have been maintained throughout all of the Figures. 30 

As in Figure 1, Figure 4 shows a cross-section of 
substrate portion 21 0 with trench 212 formed therein. 
Again, the trench is preferably formed by etching in 
accordance with mask 209 which was not included in 
Figure 1 . As with the embodiment of Figure 3, a sac- 39 
rificial oxide layer may be grown and etched to im- 
prove trench surface quality. An isolation insulator 
such as silicon oxide 211 is deposited on the mask 
210 on the surface of the substrate and on the waHs 
and bottom of the trench. The isolation layer 211 and 40 
mask 21 0 is then removed from the substrate surface 
and the bottom of the trench b opened leaving isola- 
tion insulator 213 in place, preferably by reactive ion 
etching in the vertical direction, as indicated by dash- 
ed line 215 of Figure 5 in order to form a connection 45 
to the substrate when textured layer 214 is formed. 

Textured polysilicon layer 214 is then formed 
over isolation layer 21 3 on the sides of the trench and 
on the trench bottom 21 5. As in the basic embodiment 
100 of the invention, this textured layer may be rough- so 
ened polysilicon, HSG or other equivalent material 
having a textured surface. The capacitor dielectric 
layer 216, again preferably an ONO structure, is then 
applied over textured layer 214, as shown in Figure 6. 
The capacitor is then completed by deposit of the f II 55 
polysilicon 218, as shown in Figure 7, planarization 
and the addition of electrical connections, as dis- 
cussed above. 



The embodiment of the invention shown in Figure 
7 is deemed preferable to the basic embodiment of 
Figure 3 because of the isolation layer 213 which al- 
lows a plurality of the capacitors according to the in- 
vention to be formed at high integration density on a 
common substrate. It should also be noted that the 
embodiment of Figure 7 can be formed with a reduced 
trench depth, allowing the formation of the trenches, 
typically by etching, and the formation of other por- 
tions of the capacitor structure to be done by process- 
es of reduced expense and increased manufacturing 
yield. In any event, no increase in trench depth be- 
yond that which can be reliably formed by known 
technologies is required. As pointed out above, the 
use of a textured capacitor electrode allows such a 
large increase in capacitance that a significant in- 
crease in capacitance may be obtained while reduc- 
ing trench depth, employing a thicker dielectric, re- 
ducing trench opening dimensions or any combina- 
tion of these design variables. This effectively allows 
a capacitor of improved quality and operational char- 
acteristics to be formed less expensively and at high- 
er integration density than the prior art 

In the embodiment of Figure 7, the entire bottom 
of the trench is available for substrate connection and 
the resistance of the capacitor is fairly low, allowing 
charging and discharging times to be comparable 
with other trench capacitor structures known in the 
art 

As indicated above, increased depth of known 
types of trench capacitors has been limited by the 
process complexity and trench shape. For instance, 
formation of various layers could be successfully 
done to somewhat greater depths by slightly inclining 
the trench walls. Such a technique is also applicable 
to the present invention. However, due to the ex- 
tremely small size of trench capacitors and practical 
limitations on trench opening dimensions, the extent 
to which such sidewall inclination is possible is very 
small and the improvement in capacitance is margin- 
al. As can be readily appreciated, inclination of the 
trench walls tends to increase the trench opening di- 
mensions at the surface of substrate 210 and thus is 
limited by desired integration density, or vice versa. In 
contrast, the area of the capacitor constructed in ac- 
cordance with the invention may be substantially in- 
creased by virtue of the extreme simplicity of the in- 
vention in accordance with the process and structure 
shown in Figures 8 - 11, as will now be explained. 

Figure 8 is substantially identical to Figure 4 in 
structure except that the depth of the trench 312 in 
substrate 310 is only as great as required for the for- 
mation of an adequate isolation insulator 31 3. This re- 
duced trench depth alows improved isolation layer 
formation with potentially simplified processes and 
improved manufacturing yields, particularly when 
forming oxide layer 311 . As shown in Figure 9, the ox- 
ide layer 311 and mask 309 are removed from the 
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substrate surface and the oxide layer 311 opened at 
the bottom of the trench in the same manner as in Fig- 
ure 5. However, in this case, etching is continued from 
the original trench bottom 315 to a generally arbitrary 
extended depth 31 7, preferably by reactive on etch- 5 
ing. The same etching process is preferably used for 
both the removal of the isolation insulator material 
(e.g. 213 of Figure 4) from the bottom of the trench 
and the etching of the substrate to increase trench 
depth. As in the embodiments of Figures 3 and 7, the 1 o 
capacitor structure is completed by deposition of 
polysiticon fill 218. planarization and contact and/or 
connection formation. 

Referring now to Figure 10, deposition of a poly- 
silicon layer 314 is shown. This is done in a manner 15 
similar to the process in Figures 2 and 6 and either 
conventional polysilicon or HS6 may be deposited. 
Again, if conventional polysilicon is deposited, the 
layer is roughened by grain boundary differential 
etching, preferably by use of the processes described 20 
above. It should be noted that the depth of the trench 
may be effectively limited by the ability to deposit this 
material. However, by the construction according to 
the invention, trench depth 317 is effectively limited 
only by the ability of the processes chosen to reliably 25 
form the textured polys i icon layer and to deposit the 
nitride layer oftheONO dielectric It should be noted, 
in this regard, that the increase in capacitance due to 
the use of a textured capacitor electrode allows sig- 
nificant increase in capacitance even when trench 30 
depth is reduced, as in the embodiment shown in Fig- 
ures 4-7. This decrease in trench depth allows less 
expensive processes to be used while resulting in a 
capacitor of improved quality. By the same token, an 
increase in depth of the trench need not be accom- 35 
panied by an increase in trench opening dimensions 
or "footprint" to achieve reliable capacitor formation, 
allowing integration density to be maximized. There- 
fore, the depth to which the trench is further etched 
in the embodiment of Figures 8 - 11 is basically an 40 
economic choice and not limited by the capability of 
the present technology. However, further advances 
in material deposition techniques would be applicable 
to the invention and would allow even greater trench 
depth to be utiized by the designer (e.g. to improve 45 
noise margins or reduce leakage by the use of thicker 
capacitor dielectrics, etc.). Therefore, it is seen that 
capacitor structure in accordance with the present in- 
vention inherently ensures high manufacturing yields 
since, for the economic reasons discussed above, it so 
is presently contemplated that trench depth is prefer- 
ably limited to shallower dimensions. In any case, for 
a given trench depth, the capacitance of the capacitor 
structure in accordance wit h the invention wll be sub- 
tantially greater than for prior art structures. 55 

In view of the foregoing, it will be appreciated that 
the invention provides a capacitor structure which oc- 
cupies only a small area of the surface of a substrate 



while having increased area and capacitance. The im- 
provement in capacitance can be exploited to achieve 
improved resistance to leakage and breakdown, re- 
duced trench depth, simplified manufacturing proc- 
ess steps and improved manufacturing yields. Be- 
cause of the small area of the substrate occupied by 
a capacitor in accordance with the present invention, 
Storage capacities in excess of 256 Megabits may be 
achieved on a single chip. 



Claims 

1 . A capacitor structure formed in a trench at a sur- 
face of a substrate including an electrode having 
a textured surface, said electrode being formed 
within an inner surface of said trench. 

2. A capacitor structure as recited in claim 1 , where- 
in said electrode is formed as a layer of doped 
polysilicon. 

3. A capacitor structure as recited in claim 2, where- 
in said layer of doped polysilicon is deposited as 
hemispherical grain polyslicon. 

4. A capacitor structure as recited in claim 2, where- 
in said layer of doped polysilicon is roughened to 
provide said textured surface. 

5. A capacitor structure as recited in claim 1 , further 
including a dielectric layer formed on said tex- 
tured surface. 

6. A capacitor structure as recited in claim 5, where- 
in said dielectric layer is an oxide-nitride-oxide 
structure. 

7. A capacitor structure as recited in claim 6. where- 
in said electrode is formed as a layer of doped 
polysBicon. 

8. A capacitor structure as recited in claim 7, where- 
in said layer of doped polysilicon is deposited as 
hemispherical grain polysilicon. 

9. A capacitor structure as recited in claim 7, where- 
in said layer of doped polysilicon is roughened to 
provide said textured surface. 

10. A capacitor structure as recited in claim 6, further 
including an isolation insulator layer surrounding 
said electrode having a textured surface. 

11. A capacitor structure as recited in claim 10, 
wherein said trench extends to a depth within 
said substrate which is greater than a depth to 
which said isolation insulator extends. 
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12. A method of forming a capacitor in a trench at a 
surface of a substrate including the step of 

forming an electrode of said capacitor 
within said trench, said electrode having a tex- 



differentially etching grain boundaries at a 
surface of said polysilicon to form a roughened 
surface of said polysilicon layer. 



13. A method as recited in claim 12, wherein said 
step of forming an electrode comprises a step of 
depositing a layer of hemispherical grain silicon 
within said trench. 10 



14. A method as recited in claim 12, wherein said 
step of 

forming an electrode comprises the steps 

of 

depositing a layer of polysilicon and 
differentially etching grain boundaries at a 

surface of said polysiicon to form a roughened 

surface of said polysiicon layer. 

15. A method as recited in claim 12, including a fur- 
ther step of depositing an isolation insulator with- 



formed within said isolation insulator within said 



16. A method as recited in claim 15, wherein said 
step of forming an electrode comprises a step of 
depositing a layer of hemispherical grain silicon 
within said isolation insulator within said trench. 



17. A method as recited in claim 15, wherein said 
step of forming an electrode comprises the steps 
of 

depositing a layer of polysilicon within said 35 
isolation insulator within said trench, and 

differentially etching grain boundaries at a 
surface of said polysiicon to form a roughened 
surface of said polysiicon layer. 

40 

18. Amethod as recited in claim 15, including thefur- 
therstepof 

etching a bottom surface of said trench af- 
ter said step of depositing an isolation insulator 
wfthin said trench and prior to said step of forming 45 
said electrode of said capacitor to extend said 
trench beyond said isolation insulator. 

19. A method as recited in claim 18, wherein said 
step of forming an electrode comprises a step of so 
depositing a layer of hemispherical grain silicon 
within said isolation insulator within said trench. 



20. A method as recited in claim 18, wherein said 
step of forming an electrode comprises the steps 
of 

depositing a layer of polysilicon within said 
isolation insulator within said trench, and 
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